Abstract-Elevated reactive oxidative species (ROS) are cytotoxic, and chronic elevated levels of ROS have been implicated in multiple diseases as well as cellular transformation and tumor progression. However, the potential for a transient and minimally toxic episode of ROS exposure, or a minimal threshold dose of ROS, to initiate disease or cellular transformation is unclear. We examined both transcriptional and phospho-proteomic responses of murine embryonic stem (ES) cells to a single brief exposure of minimally toxic hydrogen peroxide (H2O2). The cellular response was distinct from those induced by either an acute exposure to H2O2 or the topoisomerase II poison etoposide. Analysis of tumorigenesis-related transcripts revealed a significant up-regulation of oncogenes and down-regulation of tumor suppressors. Analysis of the phospho-proteomic response demonstrated insulinsignaling induction, including insulin receptor Y972 hypophosphorylation, similar to insulin-resistance mouse models and observed in diabetic patients. In addition, ES cells were more resistant to ROS than differentiated cells, and retained their transcriptional self-renewal signature, suggesting stem cells have a higher potential for ROS-mediated mutagenesis and proliferation in vivo. These results are a direct demonstration that even brief and non-toxic exposures to ROS may induce transduction of insulin resistance and transformation signaling in stem cells leading to diabetes and cancer.
Introduction
Reactive oxygen species (ROS) are produced by metabolizing molecular oxygen to produce hydroxyl free radicals (⋅OH), superoxide anions (O2 -⋅), singlet oxygens ( 1 O2), and hydrogen peroxide (H2O2). ROS are generated by endogenous reduction of oxygen, by the mitochondrial respiratory pathway, as well as by exogenous exposure to UV or environmental damaging agents [1] . Superoxides produced by NADPH oxidase activity are quickly dismutated by superoxide dismutases (SODs) to the more stable H2O2. ROS levels in cells are highly regulated. Increases in ROS above basal cellular concentrations lead to oxidative stress (OS) [2] . OS is thought to damage 20,000 bases per day per human cell and be one of the major causes of DNA damage and mutation [3, 4] . At submicromolar concentrations, ROS act as proliferation and growth signaling molecules. Elevated levels of ROS induced by mutations of metabolic enzyme genes, ischemia/reperfusion, chemotherapy, or chronic exposure to 10-100µM H2O2 induce multiple effects ranging from cell cycle arrest to death, depending on the cell type [5, 6] . High levels of ROS have been implicated in human diseases including cancer, diabetes, cardiac disease, neurodegeneration, and aging [4, 7, 8] . In support of this, high levels of OS induced by metabolic enzyme deficiency are associated with head and neck cancers as well as child T-cell leukemia [9, 10] . High concentrations of H2O2 (3mM) can induce multiple insulin-like effects in rat adipose tissue including phosphorylation of the insulin receptor (INSR)  subunit at E80 and Y20 [11] . However, the potential for a transient and minimally toxic episode of ROS exposure or what minimal threshold dose of ROS to initiate disease or cellular transformation is unclear. Upon differentiation of embryonic stem (ES) cells, superoxide production, cellular levels of intracellular ROS, and DNA damage levels increase. At the International Journal of Genomics and Proteomics ISSN: 0976-4887 & E-ISSN: 0976-4895, Vol. 2, Issue 1, 2011 same time, expression of major antioxidant genes and genes involved in multiple DNA repair pathways is downregulated [12] , and DNA repair by homologous recombination is reduced [13] . Thus, elevated ROS may promote tumorigenesis in more differentiated somatic cells indirectly through increased illegitimate repair of the ensuing DNA damage. It is not clear how susceptible stem cells are to a single brief exposure of ROS, particularly at minimally toxic doses not expected to induce apoptosis. A significant body of literature exists on the transcriptional response of multiple cell types to high toxic or low chronic doses of ROS [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] but not the impact of a single minimally toxic ROS episode. In addition, the immediate coordination of both transcriptional and post-translational responses in response to ROS is not understood. In this study we measured the immediate cellular response of mouse ES cells to a single minimally toxic episode of hydrogen peroxide (H2O2). The cellular response was distinct from those induced by either an acute exposure to H2O2 or by the topoisomerase II poison etoposide. Parallel examination of transcriptional profiles with the posttranslational modifications of a significant though limited number of signaling molecules demonstrated that a single minimally toxic exposure to ROS is sufficient to induce significant increases in oncogenic and metastatic pathways and specifically induce insulin signaling, similar to insulin-resistance mouse models and observed in diabetic patients. Despite the significant signaling changes induced by ROS, cells maintained their stem cell signatures suggesting a mechanism for maintenance, survival, and transformation in early stem cell pools.
Results
Growth arrest, cytotoxicity, and DNA fragmentation ES cells were exposed to a minimally toxic 100M hydrogen peroxide (H2O2) for 15 min. Dose was chosen as H2O2 concentrations up to 50µM have been reported in human plasma and 100M H2O2 induces ROS levels similar to those observed in ischemia/reperfusion or respiratory burst conditions [24] . Alternatively, cells were exposed to 5mM hydrogen peroxide (H2O2) or 20M etoposide for 30 min. 5mM H2O2 induces ROS levels similar to those observed in vivo during acute inflammatory reactions. Etoposide is an inhibitor of the topoisomerase II religation reaction and a known inducer of DNA double-strand breaks (DSBs). 20M etoposide is in close agreement with pharmacokinetic studies demonstrating peak patient plasma levels [25] . As expected, ROS and DSBs induced a dosedependent response of cell cycle arrest and cell death. Cell cycle profiles by BrdU analysis of cells exposed to all three conditions demonstrated G2 cell cycle arrest through 6 hrs post-exposure and release by 24 hrs post-exposure (data not shown). Cells exposed to etoposide demonstrated an intra-S phase arrest at early times and release by 24 hrs post-exposure. The lack of a significant G1/S arrest was expected since ES cells have a defective p53-mediated stress response [26] [27] [28] . 100µM H2O2 induced minimal cell death; however, doses beyond 200µM induced significant cell death by 24 hrs post-exposure (IC50=5mM), relative to controls, Fig.  (1A) . Pulse field gel electrophoresis along with S1 nuclease digestion confirmed ES cells had a dosedependent ssDNA digestion of chromatin DNA that led to 0.3-1 Mb fragments, capable of inefficient religation and cell survival [29] . There was minimal ssDNA fragmentation following 100M H2O2 and more significant fragmentation at higher toxic exposures, Fig. (1B) . 50 kb DNA fragments were not detectable following acute 30 min exposure up to 10mM of H2O2. Only when ES cells were exposed to 100M of H2O2 continuously for 24 hrs were 50kb DNA fragments produced, but without oligonucleosomal fragmentation, Fig. (1C) .
Transcriptional response
Immediate cellular transcriptional response following a transient minimally toxic exposure to ROS was determined using Affymetrix MGU74VerA chips and MS 5.0 and GeneSpring software comparing four samples exposed to the minimally toxic H2O2, five samples exposed to acute H2O2, and three replicate control samples. Among all conditions, 2742 transcripts were found significantly altered (p≤0.05), and, of these, 501 (433 known, 68 unknown) transcripts had a two-fold or greater change. Real Fig. (2B) ) suggesting major differences, rather than common mechanisms, of immediate cellular response between minimally toxic and acute ROS exposure. A distinct cellular response to ROS exposures was further supported by an inverse dose effect in 11 transcripts, similar to studies in mammalian cells and yeast exposed to low or acute doses of irradiation [30, 31] (Out of 360 transcripts altered following minimally toxic ROS and 176 following acute ROS, the expected false Copyright © 2011, Bioinfo Publications discovery rate would be 0.25%, or 2 transcripts). Four transcripts (calml4, cdkn1c, S100a6, gap43) were significantly decreased after minimally toxic ROS but increased after acute ROS, as compared to untreated samples. Conversely, seven transcripts (phtr1, dab2, bhmt2, prg1, sox17, gata6 and col4a1) were significantly increased after the minimally toxic ROS but decreased after acute ROS, as compared to untreated samples.
Maintenance of stem cell markers
Transient minimally toxic exposure to ROS revealed no significant change in 14 of 19 common transcripts associated with stem cell populations and pluripotency including signature transcripts oct3/4, nanog and sox2, Table ( 3) [32] . Markers specific for differentiation of ES cells upon LIF withdrawal were unchanged [33] . Three stem cell transcripts with known roles in DNA or stress response (Mdr1/abcb1 and ercc5 and gpx3) were up-regulated following a minimally toxic dose of H2O2, Table ( 3) [12, 34] . Increases in SOD activity can reduce growth and malignant phenotypes of tumor cells in culture although its mechanism of action is not well understood and can be inconsistent [23, 35, 36] . However, in this study, ROS led to down-regulation of sod2, a stem cell marker identified by Sartzki et. al [12] , suggesting the promotion of growth and survival of mouse ES cells following a single minimally toxic exposure. Two transcripts (gbx2 [37] , c-myc [38] ) were downregulated. Gbx2 is within the wnt pathway and not a known myc target gene ( [39] ; http://www.myccancergene.org/index.asp). Overall, these results suggest that pluripotent stem cell populations have the capacity to respond to ROS while retaining their major self-renewal signatures.
Oncogenic immediate transcriptional signature response Transcriptional profiles were assessed by GO, Entrez, Locuslink, and Ingenuity Pathway Analysis (IPA) (Ingenuity ® Systems, www.ingenuity.com). Pathway analysis demonstrated the minimally toxic and acute ROS stratified top significantly altered biological functions, Table (4) . IPA functionally classified all altered transcripts according to tumorigenesis, DNA repair, cell growth/maintenance, development, cell cycle, and pro-or anti-apoptosis (Table 3) . IPA noted a significant number of altered transcripts classified in tumorigenesis (139/360; 39%) following the single minimally toxic dose of H2O2, specifically a significant up-regulation of oncogenes and downregulation of tumor suppressors, Table ( Table (5) . Reproducibility was validated by detecting concordant normalized CPM values for common epitopes (Mapk1-T185+Y187, Mapk3-T202+Y204, p38Mapk-T180+Y182). Samples were exposed to 100M H2O2 for 15 min, recovered in normal media for 1 hr, then harvested for analysis. Specificity of the response was determined by comparison against a 15 min exposure to 5mM H2O2 or 30 min exposure to 20M etoposide. Based on an absolute cut-off of 300 normalized CPM, nearly two-thirds (52 of 92) of the epitopes had no detectable phosphorylation in either control samples or following ROS or etoposide exposure. The remaining third of epitopes (34 of 92) had a detectable baseline phosphorylation in control samples. We focused on sites that were found differentially phosphorylated by at least 25% with respect to controls. 85% (29 of 34) of these were altered one hour following exposure to either ROS or etoposide, Table (5) . Overall, stem cell response to ROS was distinct from etoposide exposure and could be stratified by dose, with a specific phosphorylation pattern induced by each. Only 5 of the 34 epitopes (15%) with baseline phosphorylation were posttranslationally altered by both H2O2 and etoposide treatment--activating phoshorylation of CDC2 (CDK1) at T160/161 and of p38a MAPK at T180+Y182, activating dephosphorylation of the catalytic subunit  of protein phosphatase 1 (PPP1CA) at T320 and of MAP2K1 (MEK1) at T291, and inhibitory phosphorylation of eIF2B5 at S539. Decreased phosphorylation of eIF2B5 would be expected as a consequence of slowed translation in response to DNA damage and stress. These results suggest that the immediate response to DNA damage involves changes to homeostatically phosphorylated proteins in ES cells rather than phosphorylation of new ones, at least within the signaling pathways examined. Eight epitopes were hypophosphorylated and 7 epitopes were hyperphosphorylated in response to 100M H2O2. Consistent with the IPA analysis of transcriptional response, exposure to 100M H2O2 uniquely induced hypophosphorylation of protein kinase C related kinase (Prk1) at T778 associated with cell migration and tumor metastasis and International Journal of Genomics [12] . ES cells were more resistant to OS-induced high molecular weight DNA fragmentation than differentiated cell types [29, 42] . ES cells may have an increased DNA repair capacity or endonuclease-protected higher order chromatin similar to some cancer cell lines [43, 44] . Consistent with this, the dose-dependent resistance of ES cells to ROS-mediated cell death was similar to Caco2 colon cancer cells and elevated compared to terminally differentiated primary glial cells [44, 45] . Low and high dose ROS-inducing therapies have different cytotoxicities and short-and long-term efficacies [46, 47] that are likely defined by the immediate cell-specific response to these treatments, similar to the observations made here. Consistent with increased resistance of ES cells to ROS, transcripts of the majority of canonical selfrenewing genes were similarly unaffected by 100M H2O2. Following this minimally toxic episode of ROS, we did not observe a significant change in transcripts known to be affected following LIF withdrawal-induced differentiation of ES cells [33] .
However, a mild transcriptional signal of differentiation could be discerned following acute levels. Binning of significant biological functions determined that a minimally toxic ROS exposure primarily affected transcription of tumorigenesisrelated genes. We curated oncogenes and tumor suppressors and found a significant proportion of oncogenes were up-regulated and tumor suppressors were down-regulated uniquely following 100M H2O2. This is direct evidence of an oncogenic transcriptional signature induced specifically following a transient and minimally toxic ROS exposure. We did not observe any significant up-regulation in transcripts of classical antioxidant or DNA repair genes following either minimally toxic or acute dose, similar to studies in yeast models [14] . Results showed that early post-translational response to ROS affects mainly homeostatically phosphorylated proteins rather than phosphorylation of new moieties. Focusing on regulated resting state phosphorylated sites, we discerned no apparent paradigm of stem cell response to multiple genotoxic exposures indicating that unique responses might be specific to each compound. Consistent with the transcriptional data, transient exposure to a minimally toxic dose of of H2O2 specifically increased oncogenic (e.g. hypophosphosphorylation of RAF1 at S259, hyperphosphosphorylation of NPM1 at S4) and metastatic (hypophosphosphorylation of PTK2 at S910) signals common to pathways leading to survival, growth and proliferation, G2/M transition and migration. We previously demonstrated that etoposide induces similar cytotoxic and genotoxic effects as the minimally toxic ROS used here [48] ; however, posttranslational response to the two agents was distinct. Early signaling induced by etoposide could be distinguished from that of ROS through activation of -catenin survival pathway and reduction of integrin and migration signaling as well as an inhibition of the 47kD isoform of JNK. These data provide evidence that a single exposure to mild ROS is sufficient to promote a distinct cellular response marked by significant oncogenic signals that may intitiate cell transformation in a surviving stem cell population. We were surprised to observe activating marks of survival (e.g. hyperphosphorylated Akt at S473), growth (e.g. hypophosphorylated 70kD RAF1 isoform at S910), and proliferation (e.g. hyperphosphorylated Prkcm at S916 and hypophosphorylation of Ptk2 at S722) in ES cells one hour following a transient exposure to ROS suggesting that ES cells' initial response to stress is to maintain a rapid growth rate and bypass DNA repair. This initial rapid growth is then temporally followed by the well characterized induction of cell Copyright [49, 50] . The INSR tyrosine kinase is activated upon binding of insulin binds to the receptor's extracellular -subunit, initiating subunit colocalization, conformational changes, autophoshorylation, and activation of the receptor's kinase activity on intracellular protein substrates [49, 50] . Mutations in the INSR gene can reduce receptor autophosphorylation and tyrosine kinase activity toward an exogenous substrate, resulting in both in vivo and in vitro insulin resistance and diabetes mellitus [51] [52] [53] [54] [55] [56] . In our study, a transient minimally toxic exposure to ROS mediated by H2O2 was sufficient to induce immediate hypophosphorylation of Y972 providing a direct link between ROS and insulin resistance. Y972F mutation has been shown to cause severe impairment of downstream effector IRS-1 adaptor tyrosine phosphorylation and, thus, downstream signaling of the insulin pathway [57] . Further, Y972 hypophosphorylation in HEK cells was shown to be dependent on Grb14 which is over-expressed in insulin resistance mouse models and human Type II diabetic patients [58] . In support of the suggestion that appropriate insulin signaling is altered by ROS, we also observed an almost 2-fold increase in the inhibitory S21 phosphorylation of GSK3. GSK3 is active in a cell's resting state and inhibited by insulin, and complete inhibition of GSK3 by acute insulin exposure occurs through phosphorylation of Ser21. It has been shown that over-expression of GSK3 impairs insulin responsiveness while knockdown of GSK3 improves insulin action [59] . GSK3 is elevated in patients with poorly controlled type 2 diabetes and animal models of insulin resistance [60, 61] . Taken together, our data shed new light on the possible mechanism of even transient mild ROS exposure on hypophosphorylation of INSR and insulin resistance [58, 62, 63] . Overall, this screen demonstrated that ES cell early response to ROS is dose dependent and a single transient minimally toxic exposure is sufficient to promote an early post-translational response with significant oncogenic signals supporting the transcriptional data. In addition to new data related to stem cell signaling, this work supports the hypothesis that cancer emanates from a transformed stem cell and underscores the potential role of even a single exposure to ROS to promote this transformation. These data underscore the importance of deciphering methods to either spare wild type stem cells from transformation after ischemia/reperfusion or chemotherapy approaches or to target cancer stem cells.
Materials and Methods
DNA damage and oxidative stress. E14TG2a-derived mouse embryonic stem (ES) cells were cultured as previously described [64, 65] . 2 x 10 7 cells in suspension were exposed to one of the following: 2 ml PBS containing 100µM or 5mM hydrogen peroxide for 15 and 30 min, 20µM etoposide (Sigma-Aldrich; 20mM stock solution prepared in dimethylosulphoxide (DMSO)) for 30 min, or PBS alone. Cells were replated and recovered for 1 hr at 37°C in 5% CO2 before harvest.
Cell cycle analysis and growth arrest. 5 x 10 6 cells were plated in 10 cm dishes and allowed to recover for 24 hr. Adherent cells were harvested and viable cells determined by hemocytometer and trypan blue exclusion or by BrdU labeling.
Pulse Field Gel Electrophoresis. Treated cells were suspended in embedding buffer (15mM TrisHCl, pH 7.4, 1mM EGTA, 60mM KCl, 15mM NaCl, 2mM EDTA, 0.5mM spermidine, 0.15mM spermine), embedded in 0.8% low melting agarose at 40°C, casted in BioRad plugs (cat# 170-3622) (3 x 10 5 cells per 50µl) then cooled for 1 min at -20°C. Lipid and protein extraction was performed by two overnight incubations in extraction buffer (10mM Tris-HCl, pH 9.5, 10mM NaCl, 25mM EDTA, 1mM EGTA, 1.5% SDS, 0.1% mercaptoethanol) at room temperature and gentle rocking. Plugs were washed three times in TE pH 7.6 for two hours each followed by RNA digestion with RNase for one hr at 37°C. Proteinase K digestion for 6 hours at 50°C was followed by washing in TE pH 7.6 three times for two hours each. For single strand break analysis, DNA plugs were digested with 3 units S1 nuclease for one hour at 37°C in 200 µl S1 nuclease buffer (30mM NaAc pH 4.6, 100mM NaCl, 0.5mM ZnCl2). DNA breaks were analyzed by field inversion gel electrophoresis (FIGE). Plugs containing purified DNA were inserted in wells of 1% 0.5X TBE pulse field-certified agarose gel and resolved by BioRad CHEF Mapper (cat# 170-3670) at 14ºC 0. Microarray hybridization and analysis. Samples were exposed to H2O2 for 15 min, recovered for 1 hr, then harvested for analysis. cRNA derived from 10 µg of total RNA from treated cell samples was prepared and hybridized to MG_U74Av2 oligonucleotide chip according to Affymetrix's protocol. Prior to filtering, unsupervised hierarchical clustering using standard correlation as a similarity measure algorithm confirmed the relatedness of samples within treatment groups (Supplemental Fig.  S1A ). "Absent" calls in at least 10 out of 12 samples were filtered, leaving 6970 transcripts (out of 12,488) and consistent with previous data that ES cells express approximately 30% of potential transcripts [66] . Analysis of variance in gene expression between control group of replicates and one of the treated groups was performed using the Welch t-test with a 2 fold or greater change and a pvalue of 0.05 or lower. Per gene and chip normalization was used as well as the Cross Gene Error Model. Gene expression normalized values were analyzed using GeneSpring GX software (Agilent Technologies). Data is available at http://www.ncbi.nlm.nih.gov/geo/ Accession number #GSE18708 and http://biology.uncc.edu/Faculty/ Richardson/index.htm.
SYBR ® green and LightCycler ® real-time RT-PCR was used to validate data. Phosphoprotein Analysis. Samples were exposed to H2O2 for 15 min, recovered for 1 hr, then harvested for analysis. Cells were washed in ice cold PBS, lysed in 500 µl lysis buffer (150 mM NaCl, 20 mM Tris pH 8.0, 0.5% (w/v) Nonidet P-40, 1 mM dithiothreitol (DTT), 20 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 1 µg/ml pepstatin A) and sonicated for 30 sec pulsing 1 sec ON 1 sec OFF. Cell debris was removed by centrifugation at 13,000 rpm for 15 min at 4°C. Protein concentration was determined by the Bradford assay. Samples were performed in triplicates. For phosphoscreening the Kinetworks™ platform was used (Kinexus--KPSS-2 and KPSS-4). Images available at http://biology.uncc.edu/Faculty/Richardson/index.ht m. 300 µg of total protein were resolved on a 13% single lane SDS-polyacrylamide gel and transferred to nitrocellulose membrane. The membrane was incubated with mixtures of up to three antibodies per lane that react with a distinct subset of at least 95 known phosphorylated sites on 53 cell signaling proteins of distinct molecular masses, then horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). Blots were developed using ECL Plus reagent (Amersham Biosciences) and signals were quantified using Quantity One software (Bio-Rad). The overall early response to OS or etoposide is similar with a Spearman correlation value of 0.94 between etoposide and low OS dose, 0.89 between etoposide and high dose, and 0.90 between low dose and high dose. However, the correlation of response with respect to treatment drops significantly to 0. Pulse field gel electrophoresis of agarose embedded DNA without (-; DSB) or with (+; SSB and DSB) S1 nuclease digestion. DNA fragmentation was not evident in samples exposed to H2O2 at lower doses. Fragmentation was observed at higher doses (1mM and 5mM). As expected, visible fragmentation was detected in all samples, including untreated, following S1 nuclease digestion. Visible fragments were within the 0.3-1Mb range. C. Time-dependent accumulation of 50 kb fragments following exposure (Exp) to 100M H2O2 with or without recovery (Rec). 50 kb fragments observed only after chronic 24 hour continuous exposure and no recovery. M --size standard marker. Copyright © 2011, Bioinfo Publications IPA clustering was performed on statistically significant altered transcripts from four samples exposed to 100uM H2O2, five samples exposed to 5mM H2O2, and three replicate control samples analyzed by Affymetrix MG-U74VerA chips and GeneSpring software. A. Altered oncogene and tumor suppressor transcripts following 100M H2O2. B. Altered oncogene and tumor suppressor transcripts following 5mM H2O2. C. Altered apoptotic and anti-apoptotic transcripts following 100M H2O2. D. Altered apoptotic and anti-apoptotic transcripts following 5mM H2O2.
